We propose a method to electrically control electron spins in donor-based qubits in silicon. By taking advantage of the hyperfine coupling difference between a single-donor and a two-donor quantum dot, spin rotation can be driven by inducing an electric dipole between them and applying an alternating electric field generated by in-plane gates. These qubits can be coupled with exchange interaction controlled by top detuning gates. The qubit device can be fabricated deep in the silicon lattice with atomic precision by scanning tunneling probe technique. We have combined a large-scale full band atomistic tight-binding modeling approach with a time-dependent effective Hamiltonian description, providing a design with quantitative guidelines.
I. INTRODUCTION
Donor bound electrons in silicon have been demonstrated to have long spin coherence times [1] [2] [3] , making them promising candidates for solid-state qubits. Fewdonor quantum dots [2, 4] have been patterned by scanning tunneling microscopy (STM) based lithography in silicon with atomic precision [5] , an excellent fabrication technique for building a scalable quantum computer. Due to different quantum confinement and hyperfine interaction compared to single donors, few-donor quantum dots provide more flexibility in addressing [2, 6] and engineering the exchange coupling [7] , which are favorable attributes for multi-qubit operations.
Controlling individual electron spins is of great importance for donor-based quantum computation. Manipulation of electron spins with integrated microwave antenna has been demonstrated in both donor and gate-defined quantum dot qubits with long coherence and high gate fidelity [10, 11] . However, it is challenging to use an ac magnetic field to realize local spin control for many qubits, a crucial requirement for multi-qubit operations in a scalable quantum computer architecture. We also know that a microwave antenna can introduce deleterious noise to the coherence of a qubit [10] . An alternative way to spin control is to utilize an oscillating electric field, which has been demonstrated in quantum dot systems [12] [13] [14] . Here, the qubit is modulated periodically by the difference in Zeeman energy caused by either non-uniform electron g-factor, external magnetic field or hyperfine couplings [15] [16] [17] . To date, all-electrical control of spins without a microwave magnetic field in donor systems in silicon has not been demonstrated.
In this work, we propose all-electrical control of donorbased spin qubits taking advantage of the hyperfine coupling difference between single donor and few-donor quantum dots by introducing ancillary dots (The device schematic is shown in Fig. 1(a) and (b) with "P" denot- ing phosphorus donors). The electron and the 3 nuclear spins (of 2P + 1P atoms) in the dashed box in Fig. 1(b) define the single-qubit operation space, and the information is encoded in the electron spin. Here the ancillary dot (1P in green) creates a difference in the local hyperfine coupling between the 1P and 2P dots due to the different number of nuclei and asymmetric quantum confinement in the dashed box [6] . The (1,0)↔(0,1) [18] charge transition between them can be controlled by the pair of in-plane gates G1 and G2. An electric dipole can thereby be induced by biasing the system near the (1,0)-(0,1) charge degeneracy point, where the hyperfine couplings can be modulated with an ac electric field on top of the dc electric field from the in-plane gates G1 and G2 to drive the electron spin transition.
In this proposed approach, the donor dots can be placed with atomic precision far from interfaces or sur-faces using an STM based lithography technique, making them less prone to noise sources close to the interface [19] [20] [21] [22] . Using Coulomb confined states leads to higher valley and orbital states that are not accessible as they are typically at least 10 meV above the ground state. This results in well-isolated states of operation within which the qubit coherence can be boosted. Moreover, this scheme could be realized with existing circuitry in STM-patterned devices [4, 23] without introducing extra control components. The donor dots can be coupled via the exchange interaction (e.g. the (1,1)↔(2,0) transition in Fig. 1(b) ) controlled by the surface detuning gates GT1 and GT2 ( Fig. 1(a) ), retaining the highly tunable exchange coupling [7] and allowing fully electrical two-qubit operations. This design can be potentially extended to a scalable quantum computer architecture by repeating the fundamental structure ( Fig. 1(a) and (b)) according to the requirements of the large-scale architecture [8, 9] .
II. METHODS
In the following, we describe the spin and charge evolution in the 2P-1P system by an effective Hamiltonian with quantitative details. The effective Hamiltonian can be expressed as:
with the basis |s, i 1 i 2 i 3 , d including spin and charge information, where we denote s =↑, ↓ as electron spin, i j =⇑, ⇓ (j = 1,2,3. See Fig. 2(a) ) as the three nuclear spins, and d = 2P, 1P as the specific dot site (e.g. | ↓, ⇑⇑⇑, 2P is the lowest energy configuration). H e reflects both the on-site energy detuning and the applied ac electric field, which is expressed as:
where d is the on-site detuning energy, and d is the dot index (1P or 2P). e is the elementary charge, E ac is the ac electric field, and R is the separation between the 2P and the 1P dots. The second term represents the tunnel coupling between the (1,0) and (0,1) charge states of the 2P and the 1P dots:
where t c denotes the tunnel coupling between the two donor dots. d and d denote different dot indices. The third and the fourth term denote the Zeeman energy of the electron spin and the nuclear spins:
where g e and g n are the electron and nuclear g-factors respectively. µ B and µ n are the Bohr and the nuclear magnetons respectively. S denotes the electron spin operator, and I j denotes the spin operator of the jth nucleus.The fifth term gives the hyperfine coupling between the qubit electron and the donor nuclei:
where A j is the Fermi-contact hyperfine coupling between the qubit electron and the jth nucleus.
To provide quantitative guidelines for exploiting this proposal, it is important to obtain the parameters in H, the tunnel coupling t c , Fermi contact hyperfine couplings A j , with sufficient accuracy. Here we model the system using an atomistic tight-binding approach to obtain the Stark-shifted electron wavefunctions, from which tunnel couplings t c , hyperfine couplings A j and their electric field dependency can be extracted [6, 24, 25] . In the tight-binding approach, the atoms are represented by sp 3 d 5 s * atomic orbitals with spin-orbit coupling and nearest-neighbor interactions. Each donor is represented by a Coulomb potential screened by the dielectric constant of silicon and an on-site constant potential for the Coulomb singularity, calibrated with the P donor energy spectrum [26] . The donor ground-state wavefunction obtained from this approach agrees well with the recent STM imaging experiments [27] . This physics-based approach automatically includes silicon conduction band valley degrees of freedom, and captures valley-orbit interaction [28] and Stark effect in donor orbitals [24] . The experimentally spin relaxation times of a single P donor and few-donor dots can also be reproduced with our approach [3] . This provides us confidence in accurately extracting the parameters t c and A j under realistic electric fields. Fig. 2 shows the modulation of the hyperfine couplings (A j ) between the qubit electron spin and the nuclear spins of the P donors (2P + 1P) with electric field, with j=1,2 labeling the nuclei of the 2P dots respectively and j=3 labeling the nucleus of the 1P dot. The detail of the system in the dashed box in Fig. 1(b) is depicted as Fig. 2(a) , where an atom configuration of the 2P dot is shown at the bottom. An in-plane external electric field (E x ) between G1 and G2 applied along the direction between the 2P dot and its ancillary 1P dot can detune the system and redistribute the electron wavefunction between them, thereby controlling the hyperfine couplings of the 2P and the 1P dots, as shown in Fig. 2(b) . As can be seen, A 3 ≈ 0 at E x − E 0 = 5kV /m, and the charge states (0,1) and (1,0) can be accessed with a small electric field range (∼ 10 kV/m) with an inter-dot separation R≈15 nm. At E x ≈ E 0 , the (1,0) and (0,1) charge states are degenerate, forming hybridized bonding and anti-bonding states. As observed, the hyperfine couplings (A j ) have a nearly linear dependence on the electric field near the (1,0)-(0,1) charge degeneracy point (−1kV /m < E x − E 0 < 1kV /m), indicating that the hyperfine coupling difference between the 2P and the 1P dot has a linear response to the external electric field. Near the charge degeneracy point (E x ≈ E 0 ), an electric dipole transition can be driven by an ac electric field ε 0 sin(ωt) applied from G1 and G2, thereby causing the modulations of A j with time. When the ac electric field is in resonance with the qubit energy splitting (solved from the static part of H in eq. (1)), the electron spin transition can be induced by the overall local hyperfine coupling difference [13, 29] between the 2P and the 1P dot. The emulation of this process in a 2P-1P system is now described by solving the time evolution based on the Hamiltonian in eq. (1).
III. RESULTS AND DISCUSSIONS
We assume the system is initially in its lowest energy configuration and the electron is located at the 2P dot (at (1,0) ), i.e. | ↓, ⇑⇑⇑, 2P , and assume the 2P dot configuration as shown in Fig. 2(a) with the 2P in one dot ≤1.5 nm apart. A static magnetic field B 0 is applied along the separation direction x. One of the possible ways to prepare the qubit in this initial state is to utilize the dynamic nuclear polarization technique [30] by repeatedly and selectively loading up-spin electrons to the donor dots [31] and emptying the dots to dynamically drive the nuclear spins to up orientations, then depleting the dots and loading a down-spin electron onto the dots in the end. To achieve universal quantum gates, two-axis control of single qubits, i.e. Z-gate and X-gate, is needed. A Z-gate can be simply realized by applying the external static Bfield. We will focus on the X-gate in the following. As shown in Fig. 3(a) , at the beginning of the control manipulation, an adiabatic in-plane gate bias between G1 and G2 is applied to ramp the static dc electric field up to and to keep it at ∼E 0 , which is followed by a continuous ac electric field between the same gates. The X-gate rotation (the manipulation of ↓→↑ or ↑→↓) is then driven by the ac electric field if hγ = ∆E, where ∆E is the energy difference between the two qubit states and γ is the frequency of the ac electric field. To be explicit, the qubit ground state is
(| ↓, ⇑⇑⇑, 2P − | ↓, ⇑⇑⇑, 1P ), and the qubit excited state is a dressed state involving both electron and nuclear spins, which can be expressed as α(| ↑, ⇓⇑⇑, 2P − | ↑, ⇓⇑⇑, 1P ) + β(| ↑, ⇑⇓⇑, 2P −| ↑, ⇑⇓⇑, 1P ) + ζ(| ↑, ⇑⇑⇓, 2P − | ↑, ⇑⇑⇓, 1P ). A second adiabatic gate bias is then applied after the X-gate control is finished to bring the electron back to the 2P dot for spin storage. Here, we choose 2P over 1P because the electron spin relaxation time is longer in a 2P donor cluster than a single donor dot [3] .
To achieve high-fidelity X-gate operation and make the system less prone to charge noise and relaxation, we need to make appropriate choices of the external B-field and the tunnel coupling. On the one hand, with regard to the external B-field, the qubit energy splitting ∆E can be expressed as E Ze +δ, where E Ze is the electron Zeeman splitting, and δ includes the effects of nuclear spin Zeeman energies and hyperfine couplings, which contributes to an effective magnetic field in the order of mT. To form well-defined qubit states and suppress nuclear spin flipflop, we need E Ze >> δ to preserve the qubit state when no ac field is applied. As a result, the external B-field is required to be in the order of 0.1 T.
On the other hand, regarding the tunnel coupling, we need ∆E significantly smaller than 2t c in order to make the higher anti-bonding states well separated from the lower qubit states, preventing state hybridization or excitation due to environmental noise. As an example, Fig.  3(b) shows the Rabi oscillations of the qubit electron spin under the driving ac electric-field under ∆E < 2t c (B 0 = 0.5 T) and ∆E ≈ 2t c (B 0 = 1.45 T) for R ≈ 11.4 nm, where the magnitude of the driving ac electric field is 15 kV/m, and its frequency is γ ≈ 14 GHz which satisfies ∆E = hγ. The ac electric field is assumed to be a single-frequency sinusoid. As shown, a full X-gate spin rotation can be achieved for ∆E < 2t c , while the X-gate fidelity (defined as max(
) is diminished when ∆E ≈ 2t c due to the qubit spin-up state (solid blue curve in Fig. 3(a) ) is hybridized with the upper anti-bonding spin-down state (dashed green curve). As a result, t c needs to be engineered large enough. Fig.  3(c) shows t c as a function of the inter-dot separation R. As can be seen, t c decreases exponentially as a function of R, because the wavefunction overlap of the 2P and the 1P dots decreases exponentially as R increases. To achieve ∆E < 2t c , if we choose B = 0.1 T, R needs to be larger than 15.6 nm approximately according to Fig.  3(c) . If B = 0.5 T is chosen, R needs to be at least 13 nm.
In the following, we investigate the effect of R (or t c ) on the qubit coherence time. Both magnetic and charge noise can lead to qubit decoherence [32] . In the proposed design, magnetic noise can be suppressed to a large extent if the substrate is made of enriched Si-28. In addition, the microwave antenna that introduces magnetic noise [10] in the traditional magnetic qubit manipulation is excluded here. As a consequence, we mainly consider the effect of the charge noise from the charge fluctuations in the nearby gates on qubit coherence. We investigate the decoherence time T * 2 possibly due to different types of charge noise from a single nearby in-plane gate, e.g. G1 in Fig. 1(b) . T * 2 can be obtained using [33] :
where e is the elementary charge, Ψ ↑ and Ψ ↓ are the electron spin-up and spin-down molecular wavefunctions solved by the atomistic tight-binding method respectively, ω is the noise frequency and S E (ω) is the noise field spectrum. For S E (ω), we study 1/f α noise, Johnson noise and evanescent wave Johnson noise (EWJN) [34] , assuming the noise source is 65 nm (the distance between G1 and the two dot center) away from the qubit system to be consistent with Ref. [23] . The expressions of the noise field spectra and the parameter estimations based on experiments [23, 35, 36] are also included in the Supplementary. 2 as a function of the applied dc electric field (E x ) due to Johnson noise from a single noise source for the case R ≈ 13 nm, assuming B = 0.5 T. Using the estimated parameters in the Supplementary, we find that T * 2 is limited by Johnson noise. Based on our calculations, the effect of EWJN is at least 2 orders of magnitude lower than Johnson noise, and 1/f α noise is negligible (see Supplementary), thus they are not shown here. As shown, the decoherence rate 1/T * 2 reaches a maximum at E x = E 0 , where the bonding and anti-bonding states are formed and the system is most sensitive to charge noise. The left y-axis of Fig. 4(b) shows the maximum decoherence rate 1/T * 2 due to Johnson noise as a function of inter-dot separation R. As shown, T * 2 can be improved by shrinking the inter-dot separation. This can be explained by the curvature of the qubit energy curve (e.g. the solid green or blue curve in Fig. 3(a) )), which serves as a metric of how the qubit is prone to charge noise near E x = E 0 . On the right y-axis of Fig. 4(b) , we plot this curvature (a in its absolute value) by fitting the energy curves with a quadratic function of E x for different R. The curvature term |a| increases with R because the tunnel coupling t c decreases with R (Fig. 3(c) ), causing more abrupt charge transition. As can be seen, 1/T * 2 agrees with the trend of the curvature term |a|. Consequently, larger tunnel coupling/smaller 2P-1P separation is preferred to enhance the qubit coherence time.
So far, we have investigated the decoherence time due to a single charge noise source. In a real device, there could be multiple charge noise sources (other in-plane gates, top gates, etc.), resulting in T * 2 being degraded by 1-2 orders of magnitude eventually. Even then, using a 2P-1P spin qubit with electrical control is likely to yield devices comparable to single electron spin qubit based on single donor (T * 2 = 268 µs [10] ) and single quantum dot qubit (T * 2 = 120 µs [11] ) based on magnetic control, and outperform the 1P-1P charge qubit (T * 2 = 0.72 µs [37] ) in terms of qubit coherence time.
IV. SUMMARY
In summary, we propose a novel approach for allelectrical control of donor-based spin qubits in silicon using full-band atomistic tight-binding modeling and timedependent simulations based on effective spin Hamiltonian. In this design, ancillary dots are introduced to form an asymmetric 2P-1P system to create a hyperfine coupling difference between 2P and 1P, utilized to realize electron spin control with an ac electric field. We perform a quantitative analysis to optimize this design in terms of X-gate fidelity and decoherence time through external static B-field and tunnel coupling determined by interdot separation. We show that a long qubit coherence time can be potentially achieved. This work can serve as an alternative design to those that exploit the hyperfine difference between the donor and the interface states [29] , where the qubit coherence could be affected by the proximity of the oxide interface [21, 22] . To further reduce possible sources of deleterious noise in the proposed design, we would further pursue all-in-plane electrostatic and qubit control without the top surface gates in the future. As can be seen and stated in the main text, T * 2 is limited by Johnson noise. EWJN is at least 2 orders of magnitude lower than Johnson noise. 1/f α noise is negligible, which is consistent with Ref. [34] .
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